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required for mitotic exit. The Cdc5 targets relevant to
mitotic exit have not been identified.
Another key regulator in this pathway is Tem1. Exit
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from mitosis after the segregation of sister chromatidsBiochemistry and Molecular Biology
is triggered by the conversion of the spindle pole body2 Howard Hughes Medical Institute
located Tem1 from the GDP bound form to the GTPBaylor College of Medicine
bound form (Morgan, 1999). Tem1(GTP) activates aHouston, Texas 77030
pathway resulting in the activation of the Cdc14 phos-
phatase, which acts to inhibit Cdk1 activity in two ways
(Visintin et al., 1998). First, it promotes destruction of BSummary
type cyclins by activation of the anaphase-promoting
complex/cyclosome (APC/C), the E3 ubiquitin ligase re-During mitosis, a ras-related GTPase (Tem1) binds
sponsible for cyclin ubquitination. Second, it activatesGTP and activates a signal transduction pathway to
the Cdk1 inhibitor Sic1.allow mitotic exit. During most of the cell cycle, Tem1
Tem1 is controlled by oppositely acting regulators.function is antagonized by a GTPase-activating pro-
During much of the cell cycle, Tem1 is thought to betein complex, Bfa1/Bub2. How the Bfa1/Bub2 complex
kept in its inactive GDP bound state by the Bfa1/Bub2is regulated is not well understood. We find that Polo/
GTPase activating protein (GAP), which is colocalizedCdc5 kinase acts upstream of Bfa1/Bub2 in the mitotic
with Tem1 on the spindle pole body (Fraschini et al.,exit network. Cdc5 phosphorylates Bfa1 and acts to
1999; Li, 1999). The GAP activity of Bfa1/Bub2 has notantagonize Bfa1 function to promote mitotic exit. Bfa1
been directly measured, but it is inferred from the factis regulated by multiple cell cycle checkpoints. The
that the GAP activity of its Schizosaccharomyces pombespindle assembly and spindle orientation checkpoints
homologs, Byr4/Cdc16, has been demonstrated in vitroinhibit Bfa1 phosphorylation. DNA damage does not
(Furge et al., 1998). When cells execute anaphase, theinhibit Bfa1 phosphorylation and instead causes a
spindle pole body enters the daughter cell where theRad53- and Dun1-dependent modification of Bfa1.
guanine nucleotide exchange factor (GEF) Lte1 is local-Regulation of Bfa1 may therefore be a key step con-
ized (Bardin et al., 2000; Pereira et al., 2000). Lte1 thentrolled by multiple checkpoint pathways to ensure a
converts Tem1(GDP) to the Tem1(GTP) active form, thusmitotic arrest.
linking anaphase completion to mitotic exit (Bardin et
al., 2000).Introduction
The mechanisms that operate to ensure the proper tim-
ing of mitotic exit are not well understood. For example,In order to propagate, cells must duplicate their genetic
in lte1 mutants, mitotic exit occurs with normal kineticsmaterial, deliver a copy to each daughter cell, and un-
at 30C (Adames et al., 2001), so additional mechanismsdergo cell division. After chromosome duplication, cells
must exist to help Tem1 achieve the GTP bound state.enter mitosis, during which the chromosomes are segre-
It is also not known whether the Bfa1/Bub2 GAP actsgated to daughter cells through the process of ana-
constitutively to inactivate Tem1 or whether Bfa1 functionphase. After anaphase, cells exit mitosis and initiate the
is regulated in some capacity. In addition, if Bfa1/Bub2 isprocesses of cell division (cytokinesis) and reentry into
regulated, it remains unknown which proteins control it.
the G1 phase of the next cell cycle. The temporal cou-
Superimposed upon these issues is the question of how
pling between anaphase entry and mitotic exit is a criti-
mitotic checkpoint pathways are integrated into the regu-
cal event for maintaining the fidelity of cell division. lation of Tem1 activation. Each of the spindle assembly,
In budding yeast, the coupling of these events is as- spindle orientation, and DNA damage checkpoints has the
sured by a collection of genes known as the mitotic exit capacity to prevent mitotic exit when active. How they
network (MEN), which act to execute mitotic exit once accomplish this arrest is unknown, but presumably they
anaphase has been completed (Jaspersen et al., 1998; must interact with the MEN in some capacity to influence
Morgan, 1999). The MEN genes include CDC15, LTE1, its function. Bfa1 and Bub2 are implicated in these check-
MOB1, DBF2, the GTPase TEM1, the phosphatase points because mitotic arrest depends upon the presence
CDC14, and the Polo-related kinase CDC5. of a functional Bfa1/Bub2 complex in all three checkpoints
Polo kinases have been implicated in various aspects (Hoyt et al., 1991; Bloecher et al., 2000; Pereira et al., 2000;
of mitosis (Glover et al., 1998; Nigg, 1998), but their role Wang et al., 2000). We show here that Bfa1 is regulated
in mitotic exit is unclear. Cdc5 promotes anaphase by through phosphorylation by the Polo-like kinase Cdc5 and
phosphorylating Scc1, the component of the cohesin that this phosphorylation appears to antagonize Bfa1 func-
complex that binds sister chromatids together. Phos- tion to promote mitotic exit and is regulated by check-
phorylation of Scc1 promotes its cleavage by Esp1 points.
(Alexandru et al., 2001). Under nonpermissive condi-
tions, cdc5 mutants arrest with high Cdk1 activity, indi- Results
cating that a role for Cdc5 in the inactivation of Cdk1 is
Cell Cycle-Regulated Bfa1 Modifications
Mitotic exit occurs only after DNA replication and chro-3 Correspondence: selledge@bcm.tmc.edu
4These authors contributed equally to this work. mosome segregation. If the Bub2/Bfa1 complex acts as
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Figure 1. Phosphorylation of Bfa1 During the
Cell Cycle
(A) Cell cycle-regulated Bfa1 modification.
Wild-type cells with integrated BFA1-HA3-
TRP1 (Y1141) were grown to log phase, syn-
chronized in G1 with  factor, and then re-
leased to YPD media at 24C. Samples were
taken at the time indicated and prepared for
FACS analysis, spindle staining, and protein
preparation. Extracts were separated on
SDS-PAGE and immunoblotted with anti-HA
antibodies.
(B) Modification of Bfa1p in cdc mutants.
Cells with the indicated genotypes were ar-
rested with  factor at room temperature and
then released to YPD media at 34C. Protein
extracts were prepared every 30 min and im-
munoblotted for Bfa1-HA3.
(C) Bfa1 is a phosphoprotein. Protein extracts
from cdc14-1 arrested cells (Y1144) were ei-
ther untreated, treated with alkaline phospha-
tase, or treated with both phosphatase and
phosphatase inhibitors. Bfa1p mobility was
determined on SDS-PAGE.
a negative regulator of mitotic exit, it is probable that it treatment with alkaline phosphatase converted it to the
faster-migrating form (Figure 1C). Thus, in preanaphasewould be active to inhibit mitotic exit until cells complete
mitosis. Neither the transcription (Spellman et al., 1998) cells arrested by mutations in the APC/C and in telo-
phase cells, Bfa1 accumulates in a hyperphosphory-nor the protein levels (data not shown) of Bfa1 and Bub2
are cell cycle regulated. To examine posttranslational lated form.
If Bfa1 is regulated by phosphorylation, the phosphor-regulation, we followed the mobility of Bfa1 in synchro-
nized cells. During G1, Bfa1 primarily migrated as a ylation should either be activating or inhibitory. A logical
model would be that Bfa1 function is reduced at somesingle band (Figure 1A). As cells became large-budded
and began to undergo anaphase between 50 and 60 min, point to facilitate Tem1 activation and mitotic exit. Ge-
netic evidence indicates that Cdc14 functions down-additional forms with reduced electrophoretic mobilities
appeared. The slowest migrating form appeared be- stream of Tem1 at the very end of the mitotic exit path-
way (Shou et al., 1999; Visintin et al., 1999). Assumingtween 70 and 80 min when most cells have initiated
chromosome segregation (Figure 1A). As cells entered that cdc14-1 mutants are arrested in a state in which
cells are already committed to mitotic exit and havethe next G1, the fast-migrating form reaccumulated (Fig-
ures 1A and 1B). These Bfa1 modifications are abolished activated Tem1, then the Bfa1 present in these cells
should be inactive to allow Tem1 to be active. Thus, thein bub2 mutants (Figure 1B), which may be because
BUB2 is required for the proper localization of Bfa1 hyperphosphorylated form of Bfa1 observed in cdc14-1
arrested cells is likely to have reduced function. Since(Pereira et al., 2000).
To investigate the control of Bfa1 modification, we cdc16 mutants also arrest with hyperphosphorylated
Bfa1, it is likely that Bfa1 has already been inactivatedexamined Bfa1 in several mutants that affect mitotic exit
(Table 1). We observed that mutants in CDC16 (a gene at this point to license cells for mitotic exit.
encoding a component of APC/C complex required for
both anaphase entry and mitotic exit) and mutants in Bfa1 Is Regulated by the Spindle Assembly
and Spindle Orientation CheckpointsCDC14 (a gene encoding a phosphatase required for
inactivation of CDK1 activity during mitotic exit) accu- Bub2/Bfa1 is required to prevent mitotic exit in response
to spindle damage and spindle misorientation, and itmulated the slow-migrating form of Bfa1 (Figure 1B).
This slow migration is due to phosphorylation, because is a potential target of regulation by these checkpoint
Regulation of Bfa1 by Cdc5 and Checkpoints
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Table 1. Strains Used in This Study
Name Relevant Genotype
Y300 MATa trp1-1 ura3-1 his3-11,15 leu2-3,112 ade2-1 can1-100
Y816 as Y300 except cdc13-1
Y850 as Y300 except cdc5-1
Y1141 as Y300 except BFA1-HA3-TRP1
Y1142 as Y300 except BFA1-MYC13-his5
Y1143 as Y300 except bub2::URA3 BFA1-HA3-TRP1
Y1144 as Y300 except cdc14-1 BFA1-HA3-TRP1
Y1145 as Y300 except cdc14-1 BFA1-MYC13-his5
Y1146 as Y300 except cdc16-1 BFA1-HA3-TRP1
Y1147 as Y300 except cdc5-1 BFA1-HA3-TRP1
Y1148 as Y300 except cdc5-2-URA3
Y1149 as Y300 except cdc5-2-URA3 BFA1-HA3-TRP1
Y1150 as Y300 except cdc5-dg-URA3 GAL-HIS3-UBR1 BFA1-HA3-TRP1
Y1151 as Y300 except cdc5-2-URA3 bfa1::his5
Y1152 as Y300 except cdc5-2-URA3 bub2::URA3
Y1153 as Y300 except cdc5-1 bfa1::his5
Y1154 as Y300 except cdc5-1 bfa1::his5 BFA1-LEU2  pJBN119
Y1155 as Y300 except cdc5-1 bfa1::his5 BFA1-11A-LEU2  pJBN119
Y1156 as Y300 except cdc13-1 cdc14-1
Y1157 as Y300 except cdc13-1 cdc14-1 BFA1-HA3-TRP1
Y1159 as Y300 except cdc13-1 cdc14-1 chk1::HIS3 BFA1-HA3-TRP1
Y1160 as Y300 except cdc13-1 cdc14-1 rad53-21 BFA1-HA3-TRP1
Y1161 as Y300 except cdc13-1 cdc14-1 dun1::HIS3 BFA1-HA3-TRP1
Y1162 as Y300 except cdc14-1 mps1-1 BFA1-HA3-TRP1
PY2735 act5::HIS3 act5-degron-LEU2 kar9::KanR ade2 ade3 ura3 leu2 trp1
Y1164 act5::HIS3 act5-degron-LEU2 kar9::KanR BFA1-MYC13-his5 ade2 ade3 ura3 leu2 trp1
Y1165 as Y300 except ask1-2 BFA1-HA3-TRP1
Y1166 as Y300 except cdc14-1 BFA1-HA3-TRP1 TEM1-13MYC-TRP1
Y1167 as Y300 except cdc14-1 mad2::URA3 BFA1-HA3-TRP1
Y1168 as Y300 except BFA1-HA3-TRP1 TEM1-13MYC-TRP1
pathways. To explore this, we examined the modifica- and cdc14-1 mad2 cells, although with delayed kinetics
relative to untreated cells (Figure 2A). These results es-tion of Bfa1 in response to nocodazole. G1-synchro-
nized cdc14-1 mutant cells grown at room temperature tablish that the spindle checkpoint helps prevent mitotic
exit by inhibiting Bfa1 phosphorylation.were released to nocodazole-containing media at 34C.
When released into media without nocodazole, cdc14-1 We also examined Bfa1 modification in response to
spindle misorientation. In act5 kar9 mutants, spindlemutants accumulate hyperphosphorylated Bfa1, but this
accumulation was inhibited in the presence of nocoda- poles fail to migrate into daughter cells. Instead, they
elongate the spindle and segregate chromosomeszole (Figure 2A). We also examined Bfa1 modification
under conditions that activate the spindle checkpoint within mother cells (Muhua et al., 1994; Berrueta et al.,
1999). We examined Bfa1 modification in synchronizedbut maintain the presence of microtubules. Ask1 is a
kinetochore binding protein, and ask1-2 Ts mutants ar- act5 kar9 cells at the nonpermissive temperature of
37C. While cdc14-1 mutant control cells accumulatedrest at the nonpermissive temperature with G2 DNA con-
tent and a short spindle structure due to activation of hyperphosphorylated Bfa1, act5 kar9 mutants con-
tained only hypophosphorylated Bfa1 (Figure 2C). Thus,the spindle checkpoint (Y. Li et al., submitted). Cells
were synchronized in G1 at room temperature and re- the phosphorylation of Bfa1 is inhibited in response to
spindle misorientation.leased to the nonpermissive temperature for ask1-2 and
cdc14-1. Bfa1 phosphorylation was strongly prevented
in ask1-2 mutants (Figure 2B), supporting the hypothesis Bfa1 Is a Target of the DNA Damage Checkpoint
Saccharomyces cerevisiae cells arrest in G2/M in re-that activation of the spindle assembly checkpoint pre-
vents Bfa1 phosphorylation. sponse to DNA damage, and this arrest is dependent
upon the MEC1, RAD53, DUN1, and CHK1 genes. Rad53Mad2 and Mps1 are two important components of
the spindle assembly checkpoint (Li and Murray, 1991; and Dun1 form a branch of the checkpoint that functions
in parallel to Chk1 to maintain a preanaphase arrest andWeiss and Winey, 1996). mad2 and mps1 mutants exit
mitosis even when the spindle is disrupted. To establish prevent mitotic exit. Although parallel, Rad53 and Dun1
have a primary role in prevention of mitotic exit (Gardnera role for the spindle checkpoint in Bfa1 regulation,
we examined Bfa1 phosphorylation in synchronized et al., 1999; Sanchez et al., 1999), and Chk1 has a primary
role in preventing anaphase entry through phosphoryla-cdc14-1, cdc14-1 mad2, and cdc14-1 mps1-1 mutants
in the presence and absence of nocodazole. Without tion and stabilization of the anaphase inhibitor Pds1
(Sanchez et al., 1999; Wang et al., 2001). Cdc13 is anocodazole, these strains accumulated hyperphosphor-
ylated Bfa1 with similar kinetics (Figure 2A). In the pres- telomere binding protein. At the restrictive temperature,
cdc13-1 mutants accumulate ssDNA at telomeres andence of nocodazole, phosphorylation of Bfa1 was inhib-
ited in cdc14-1 cells but accumulated in cdc14-1 mps1-1 arrest as large-budded cells by activating the DNA dam-
Cell
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Figure 2. Regulation of Bfa1 Phosphoryla-
tion in Response to Spindle Damage, Spindle
Misorientation, and DNA Damage
(A) Regulation of Bfa1p in response to spindle
damage. Cells of the indicated genotypes
were synchronized in G1 with  factor at 24C
and then released to YPD at 34C. Nocoda-
zole was added to a final concentration of 15
g/ml 40 min after release when small buds
emerged (Noc). Protein extracts were pre-
pared every 30 min and analyzed for Bfa1
modification. The budding kinetics for all
strains used in this experiment were identical
with and without nocodazole (data not
shown).
(B) Regulation of Bfa1p in response to a dys-
functional kinetchore. Cells of the indicated
genotypes were grown to log phase, synchro-
nized in G1 with  factor at room temperature,
and then released to YPD media at 37C.
(C) Regulation of Bfa1p in response to spindle
misorientation. Yeast strains (Y1145 and
Y1164) were grown to log phase, synchro-
nized in G1 with  factor at room temperature,
and then released to YPD media at 37C. Ar-
rested cells were analyzed for spindle and
nuclear morphology.
(D) Modification of Bfa1p in response to DNA
damage. Cells with the indicated genotypes
were grown to log phase, synchronized in G1
with  factor at room temperature, and then
released to YPD media at 34C. Protein ex-
tracts were prepared every 30 min and ana-
lyzed for Bfa1 modification.
age checkpoint. To determine whether the DNA dam- shown), the difference in Bfa1 modification in these three
strains cannot be caused by differences in cell cycleage checkpoint acts to prevent Bfa1 phosphorylation,
cdc13-1 cdc14-1 double mutants were synchronized in distribution. Instead, this argues that Bfa1 is modified
in response to DNA damage in a Rad53- and Dun1-G1 at room temperature and then released to 34C. In
contrast to spindle damage, we observed an accumula- dependent manner. Thus, unlike the spindle checkpoint,
cell cycle arrest in response to DNA damage does nottion of the hyperphosphorylated form of Bfa1 with ap-
proximately normal kinetics (Figure 2D). rely on the inhibition of Bfa1 phosphorylation. Instead,
a Rad53-dependent additional modification on Bfa1While DNA damage does not inhibit Bfa1 phosphoryla-
tion, it did generate a new slower-migrating band of may be involved in control of mitotic exit, the signifi-
cance of which requires future investigation.Bfa1 that accumulated between 60 and 90 min (Figure
2D). To establish a role for the DNA damage checkpoint
in Bfa1 modification, we examined Bfa1 in cdc13 mutant The Phosphorylation of Bfa1 Is Cdc5 Dependent
That Bfa1 phosphorylation is cell cycle regulated sug-strains lacking CHK1, RAD53, or DUN1. We employed
a cdc14 mutation in this background to prevent check- gests that it is regulated by a kinase involved in control-
ling mitotic exit. Candidate MEN kinases are Cdc5,point-defective cells from progressing through the cell
cycle. The damage-specific Bfa1 form failed to accumu- Cdc15, and Dbf2. Dbf2 and Cdc15 are thought to func-
tion after Tem1 (Lee et al., 2001a), while the position oflate in cdc13-1 cdc14-1 rad53-21 and cdc13-1 cdc14-1
dun1 mutants, but it was still present in cdc13-1 cdc14-1 Cdc5 has not been formally established. To test if Cdc5
might regulate Bfa1, we constructed a heat-induciblechk1 mutants (Figure 2D). Since DAPI staining of DNA
confirmed that cells from cdc13-1 cdc14-1 rad53-21, degron mutant, cdc5-dg, by fusing a degron cassette
to the N terminus of Cdc5. In addition, UBR1, the E3cdc13-1 cdc14-1 dun1, and cdc13-1 cdc14-1 chk1
strains arrested at the cdc14-1 block with the same ubiquitin ligase required for N end rule degradation, was
overexpressed from the GAL promoter to increase thepercentage of separated nuclei at 180 min (data not
Regulation of Bfa1 by Cdc5 and Checkpoints
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Figure 3. Bfa1 Phosphorylation Is Cdc5 De-
pendent
(A) The phenotype of cdc5 mutants incubated
at 37C for 120 min.
(B) The effect of cdc5-dg mutation on Bfa1
modification. Cells with the indicated geno-
types were arrested with  factor in YEP ga-
lactose at room temperature and then re-
leased to YEP galactose media at 37C.
Protein extracts were prepared every 30 min
and analyzed for Bfa1 modification.
(C) Bfa1 modification in cdc14-1, cdc5-1, and
cdc5-2 mutants. Cells with the indicated ge-
notypes were arrested with  factor at room
temperature and then released to YPD media
at 37C.
(D) Overproduction of Cdc5p forces Bfa1
phosphorylation without cell cycle progres-
sion. Strain Y1142 containing either vector
control or GAL-CDC5 plasmid were grown to
log phase in SC-trp raffinose media and then
arrested in 200 mM HU for 2.5 hr. Galactose
was then added to induce CDC5 expression
in the presence of HU. Samples were pre-
pared after 1.5 hr of induction for FACS and
protein analysis.
efficiency of Cdc5 degradation at 37C (Dohmen et al., soned that CDC5 overexpression might enhance the
accumulation of phosphorylated Bfa1. Therefore, we ex-1994; Labib et al., 2000). This cdc5-dg mutant showed
a very tight temperature-sensitive phenotype and ar- pressed CDC5 from the GAL promoter and examined
Bfa1 modification. To prevent differences in cell cyclerested with elongated spindles with partially separated
nuclei, very similar to the phenotype of msd2-1, a Ts stages and to provide a cell cycle state in which Bfa1
is largely hypophosphorylated, we first arrested cells inallele of CDC5 (Figure 3A; Shirayama et al., 1998). To
avoid confusion, we have renamed msd2-1 as cdc5-2. S phase with hydroxyurea (HU) and subsequently added
galactose to induce Cdc5 while maintaining the HUBfa1 modification was examined in cdc5-dg and
cdc14-1 mutants after shifting to medium containing block. The budding index and FACS analysis indicated
that cells maintained their S phase arrest during thegalactose at 37C. Bfa1 phosphorylation was almost
completely abolished in cdc5-dg mutants relative to course of the experiment. We observed a mobility shift
of Bfa1 when Cdc5 was induced (Figure 3D). Thesecdc14-1 mutants (Figure 3B). These results indicate that
Cdc5 is required for Bfa1 phosphorylation. findings support the notion that Bfa1 is phosphorylated
in a Cdc5-dependent manner.Not all alleles of cdc5 behave the same toward Bfa1.
In synchronized populations, we found that cdc5-2 mu-
tants display defects in Bfa1 phosphorylation, while cdc5 Mutants Can Be Suppressed by Deletions
of BFA1 and BUB2cdc5-1 mutants phosphorylate Bfa1 with kinetics similar
to cdc14 mutants (Figure 3C). This suggests that the Bfa1 is phosphorylated late in mitosis at a time when
Tem1 is thought to become active. If the Cdc5-depen-mitotic exit defect of cdc5-1 is likely to result from its
inability to phosphorylate substrates other than Bfa1. dent phosphorylation of Bfa1 leads to its inactivation,
loss of Bfa1 or Bub2 function might be expected toIf Cdc5 functions upstream of Bfa1/Bub2, we rea-
Cell
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Figure 4. Cdc5 Functions Upstream of Bub2
and Bfa1
(A) bub2 or bfa1 can partially rescue the Ts
phenotype and mitotic exit defects of cdc5-2
mutants. (Left) Cells were synchronized with
 factor at room temperature and then re-
leased to YPD media at 37C. Samples were
taken every 20 min and scored for percent-
ages of rebudding (cell with 3 bodies).
(Right) Cells of the indicated genotypes were
grown to saturation. Serial 10-fold dilution
were made, spotted onto YPD media, and
incubated at 24C, 32C, or 37C for 2–3 days.
(B) Overexpression of CDC5 overrides the
spindle checkpoint. Wild-type cells with ei-
ther vector control or GAL-CDC5 plasmids
were arrested with  factor and then released
to YPD media containing 10 g/ml nocoda-
zole. Samples were prepared every 60 min
for FACS analysis and determination of re-
budding kinetics.
(C) Overexpression of CDC5 overrides the
DNA damage checkpoint. cdc13-1 mutant
cells with either vector control or GAL-CDC5
plasmid were arrested with  factor at room
temperature and then released to YPD media
at 34C. Samples were prepared every 60 min
for rebudding kinetics and FACS analysis.
(D) cdc14-1 mutation blocks the rebudding
caused by CDC5 overexpression. Cells con-
taining either vector control or the GAL-CDC5
plasmid were arrested with  factor at room
temperature and then released to YPD media
at 34C with (left) or without (right) 10 g/
ml nocodazole, and budding kinetics were
determined.
rescue the mitotic exit defect of cdc5 mutants. cdc5-2, tain cell cycle arrest, enhancing Cdc5 function in the
presence of a checkpoint signal might interfere withcdc5-2 bub2, and cdc5-2 bfa1 mutant cells were ar-
rested in G1 with  factor at room temperature and then checkpoint arrest. To explore this possibility, we exam-
ined the effect of CDC5 overexpression on mitotic exitreleased to 34C, and the percentage of rebudded cells
was scored over time. We observed that a portion of in nocodazole-arrested cells. Cells with GAL-CDC5 or
vector control were grown in raffinose, a nonrepressingthe cdc5-2 bfa1 and cdc5-2 bub2 double mutant cells
rebudded, whereas cdc5-2 mutants alone failed to re- carbon source that allows rapid induction of transcrip-
tion when galactose is added. These cells were arrestedbud (Figure 4A). Furthermore, the deletion of BUB2 or
BFA1 suppresses the Ts phenotype of cdc5-2 mutants at G1 and released into medium containing nocodazole
and galactose to induce CDC5 expression. Throughout(Figure 4A). In contrast, these mutations failed to signifi-
cantly suppress the Ts phenotype of cdc5-1 mutants the experiment, the wild-type cells arrested as large
budded cells with a negligible number of rebudded cells.(Figure 4A), consistent with the fact that cdc5-1 mutants
are proficient for Bfa1 phosphorylation. These observa- However, when CDC5 was induced, a significant portion
(30%) of the cells rebudded and reinitiated DNA replica-tions, together with the dependency of phosphorylation,
argue that Cdc5 acts to antagonize Bub2/Bfa1 function. tion (as judged by the accumulation of cells with a 4N
DNA content) (Figure 4B). These phenotypes indicate
that these cells exited mitosis and reentered the G1 andOverproduction of Cdc5 Can Override
Checkpoint Arrest S phases even in the presence of an active spindle
checkpoint signal, suggesting that overexpression ofThe Cdc5-Bfa1 pathway is clearly a target of multiple
cell cycle checkpoints because Bfa1 phosphorylation is CDC5 can override the spindle assembly checkpoint.
We also tested the effect of overproduced Cdc5 uponcontrolled by these pathways. Given the genetic rela-
tionship between CDC5 and BFA1, these checkpoints cell cycle arrest in response to DNA damage generated
by a cdc13 mutation. As observed with the spindle as-should function to promote Bfa1 activity to maintain
arrest. If this regulatory relationship is important to main- sembly checkpoint, CDC5 overexpression could induce
Regulation of Bfa1 by Cdc5 and Checkpoints
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mitotic exit and rebudding in the presence of DNA dam- other GEF proteins that are capable of overcoming a
constitutively active Bfa1/Bub2 complex, might exist.age (Figure 4C). Unlike with nocodazole-arrested cells,
we did not observe accumulation of cells with a 4N DNA To detect hyperactivity of the nonphosphorylatable
Bfa1 mutant, we examined its effects in sensitized back-content in cdc13 mutants. Instead, we observed cells
with a 1N DNA content (Figure 4C), because CDC5 over- grounds. We reasoned that if Cdc5 acts in part through
inhibition of Bfa1, then the nonphosphorylatable alleleexpression causes anaphase entry under these condi-
tions (Sanchez et al., 1999). of Bfa1 should be capable of exacerbating the pheno-
type of certain cdc5 mutants. cdc5-1 mutants are capa-Since Cdc14 functions at the end of the MEN, if Cdc5
is causing bypass of cell cycle arrest through inappropri- ble of phosphorylating Bfa1 at their restrictive tempera-
ture (Figure 3C), so combining the cdc5-1 mutation withate activation of its normal target pathways, the pres-
ence of a cdc14-1 mutation should block Cdc5-induced a potentially hyperactive BFA1-11A mutation should fur-
ther debilitate cdc5-1 mutants. We constructed a cdc5-1mitotic exit. This is true for both the spindle assembly
checkpoint and the DNA damage checkpoint as cdc14-1 bfa1 strain with a URA3 plasmid containing the wild-
type CDC5 gene and then integrated wild-type BFA1 ormutations blocked the cell cycle progression caused by
CDC5 overexpression in both cases (Figure 4D). To- BFA1-11A into the strain. The integrants were then
grown on 5-FOA plates to select for loss of the CDC5gether, these results demonstrate that overproduction
of Cdc5 can bypass both spindle checkpoint-induced plasmid. While strains with wild-type BFA1 grew very
well on 5-FOA plates, strains with BFA1-11A failed toand DNA damage checkpoint-induced cell cycle arrest
through MEN activation. grow (Figure 5E), indicating that expression of BFA1-
11A is lethal in a cdc5-1 mutant background. The BFA1-
11A allele is not toxic in cdc5-2 mutants (data notCdc5 Phosphorylates Bfa1 In Vitro and In Vivo
shown), consistent with the fact that cdc5-2 mutantsTo determine if Cdc5 can phosphorylate Bfa1 directly,
are deficient for Bfa1 phosphorylation. These resultsGST-Cdc5 and a kinase inactive Cdc5 mutant (GST-
lend strong support to the conclusion that phosphoryla-Cdc5-kd) were purified from infected insect cells treated
tion of Bfa1 by Cdc5 results in its inactivation and sug-with okadaic acid (a phosphatase inhibitor) and used to
gest that Bfa1 inactivation is a significant componentphosphorylate GST-Bfa1 purified from bacteria. GST-
of Cdc5 function.Bfa1p was phosphorylated by GST-Cdc5 but not by
GST-Cdc5-kd (Figure 5A). This phosphorylation results
Bfa1 Phosphorylation Interferesin a significant decrease in mobility of Bfa1 (Figure 5B).
with Bfa1-Tem1 AssociationMass spectrometry was employed to map the phos-
If phosphorylation interferes with Bfa1’s GAP functionphorylated residues on the Cdc5-treated GST-Bfa1 from
it could do so by altering the enzymatic activity of theFigure 5B (Wang et al., 2001). Eleven phosphorylation
Bfa1/Bub2 complex or its ability to associate with Tem1.events were detected, nine in the N-terminal portion of
To test the latter possibility, we examined the associa-Bfa1 and two in the C terminus (Figure 5C). To test if
tion of Tem1 and Bfa1 in vivo by coimmunoprecipitationthese are phosphorylation sites in vivo, we mutated
as described previously (Pereira et al., 2000). Immuno-these 11 serine and threonine residues to alanine (Bfa1-
precipitation of Tem1-Myc can efficiently bring down11A). Mutation of these sites reduces the in vitro phos-
Bfa1 from wild-type and cdc14 mutant strains grown atphorylation of Bfa1 by 75%, indicating that most phos-
the permissive temperature. The coimmunoprecipita-phorylation sites were correctly identified (data not
tion of Bfa1 was dependent on Tem1, because cellsshown). To address whether these were phosphorylated
lacking Tem1-Myc failed to bring down Bfa1 (Figure 5F).in vivo, we examined the in vivo mobility of Bfa1-11A
Since these strains primarily contain hypophosphory-under conditions that normally give rise to the hyperphos-
lated Bfa1, we prepared protein extracts from cdc14phorylated form. Wild-type or BFA1-11A was expressed
mutants incubated at 34C to accumulate phosphory-from the BFA1 promoter in a cdc14-1 bfa1 mutant
lated Bfa1 and to determine if Bfa1 phosphorylationbackground. Cells were grown at room temperature (RT)
affected the association. While both hyperphosphory-or shifted to 37C for 2 hr, and the mobility of Bfa1p
lated and hypophosphorylated Bfa1 were present in thewas examined. While wild-type Bfa1 showed a greatly
input protein, only the hypophosphorylated form of Bfa1retarded mobility when cells were arrested at 37C, the
coimmunoprecipitated with Tem1 (Figure 5G). This wasBfa1-11A mutant displayed only a slight mobility alter-
not due to dephosphorylation during the IP becauseation (Figure 5D). This suggests that many of the 11
hyperphosphorylated Bfa1 was enriched in the superna-sites are phosphorylated in vivo and argues strongly
tant after the IP. These results suggest that the hyper-that Cdc5 phosphorylates Bfa1 in vivo.
phosphorylated form of Bfa1 has a reduced ability toGiven the genetic relationship between BFA1 and
interact with and negatively regulate Tem1 activity andCDC5, the phosphorylation of Bfa1 is most likely to be
that Cdc5 phosphorylation of Bfa1 acts to relieve theinhibitory. Thus, we would anticipate that the BFA1-
inhibition of Tem1 by the Bfa1/Bub2 GAP to promote11A mutant would be hyperactive and could result in a
mitotic exit.telophase arrest or delay. This is not the case, since
expressing the Bfa1-11A protein did not result in toxicity
in a wild-type background. This could be explained if Discussion
the Bfa1-11A protein was nonfunctional. However, the
BFA1-11A gene complements the benomyl sensitivity Dual Control of Tem1 During Mitotic Exit
Mitotic exit after the segregation of sister chromatids isof bfa1 (data not shown), indicating that it is functional.
Alternatively, redundant mechanisms, such as Lte1 or triggered by the conversion Tem1(GDP) to Tem1(GTP)
Cell
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Figure 5. Cdc5 Directly Phosphorylates Bfa1
(A) Cdc5 phosphorylation of Bfa1. Purified
GST-Cdc5 or GST-Cdc5-kd protein was ei-
ther incubated alone or with purified GST-
Bfa1p in the presence of [-32P]ATP. Proteins
were fractionated by SDS-PAGE and visual-
ized by autoradiography.
(B) Phosphorylation of Bfa1p by Cdc5p re-
sults in retarded mobility. The kinase reaction
was performed as in (A) except with unlabeled
ATP. Proteins were then resolved on 6%
SDS-PAGE and visualized with Coomassie
blue.
(C) Positions of the serine and threonine resi-
dues in Bfa1p that were mutated to alanine
in the BFA1-11A mutant.
(D) The Bfa1-11A mutant protein fails to un-
dergo the mobility shift shown by wt Bfa1p
in telophase. cdc14-1 bfa1 mutants con-
taining the centromeric plasmids pFH115
(BFA1-HA3) or pFH113 (BFA1-11A-HA3) were
grown in SC-trp media to log phase at 22C
and then were either maintained at 22C or
shifted to 37C for 2 hr (37C). Yeast extracts
were prepared and resolved on 8% SDS-
PAGE, and Bfa1p was detected using anti-
HA antibodies.
(E) The BFA1-11A mutant is synthetically lethal
with cdc5-1. Strains of indicated genotypes
containing pJBN119 (URA3 CDC5) were
streaked for growth on either SC-leucine or
SC  5-FOA plates at room temperature.
(F) Tem1 associates with Bfa1. Protein ex-
tracts from Y1141 (BFA1-HA TEM1), Y1166
(BFA1-HA TEM-MYC cdc14-1), and Y1168
(BFA1-HA TEM-MYC) grown at room temper-
ature (RT) were used for immunoprecipitation
with anti-Myc affinity matrix. Of the total pro-
tein used for the immunoprecipitation (IP), 12% was loaded as the input control (In). Blots were probed with anti-Myc and anti-HA as indicated.
Y300 (BFA1 TEM1) was used as a negative control for Bfa1-HA detection.
(G) Tem1 preferentially associates with hypophosphorylated Bfa1. Y1166 (BFA1-HA TEM-MYC cdc14-1) cells were grown at room temperature
and shifted to 34C for 3 hr. Extracts were prepared and analyzed as in (F). The supernatant (12% of total supernatant) from the immunoprecipita-
tion is labeled Sup.
on the cytoplasmic surface of the spindle pole body. The tion during the cell cycle and that phosphorylation of
Bfa1 by the Polo-like kinase Cdc5 plays a crucial roleGTP bound Tem1 protein activates a signal transduction
pathway that acts to ensure inhibition of Cdk1 and mi- in negatively regulating Bfa1 function, making cells per-
missive for mitotic exit. Bfa1 shows cell cycle-regulatedtotic exit. Tem1 is negatively regulated by the Bfa1/Bub2
GAP protein that is colocalized with Tem1 on the spindle phosphorylation that requires Cdc5 in vivo. Several
pieces of evidence suggest that Cdc5 is most likelypole body and positively regulated by the GEF Lte1,
which is localized in the daughter bud. As cells enter directly responsible for placing these phosphates on
Bfa1. First, in HU-arrested cells, Bfa1 normally exists inanaphase, the spindle pole body enters the daughter
cell where Tem1 can encounter Lte1, resulting in Tem1 the hypophosphorylated state. Induction of CDC5 ex-
pression by the GAL promoter converts Bfa1 to the hy-activation. The mechanisms that operate to ensure the
proper timing of mitotic exit are not well understood. perphosphorylated form in the absence of cell cycle
progression. Second, Bfa1 is a very good substrate ofFor example, it is not known whether the Bfa1/Bub2
GAP acts constitutively to inactivate Tem1 or whether Cdc5 in vitro, and phosphorylation of Bfa1 results in
a mobility retardation similar to the mobility alterationBfa1/Bub2 function is regulated in some capacity. Fur-
thermore, if Bfa1/Bub2 is regulated, it is still a mystery exhibited by the hyperphosphorylated form of Bfa1 in
vivo. Finally, mutation of the sites phosphorylated inwhich proteins function upstream of Bfa1/Bub2 in the
mitotic exit network. vitro significantly reduces the phosphorylation of Bfa1
in vivo.
Bfa1 Is a Cell Cycle-Regulated Phosphoprotein
Remarkably, mitotic exit occurs with nearly wild-type Cdc5 Acts to Negatively Regulate Bfa1 Function
Four lines of evidence suggest that Cdc5 promotes mi-kinetics in budding yeast cells lacking Lte1 at 30C (Ad-
ames et al., 2001), which implies that LTE1-independent totic exit by inhibiting Bfa1 function. First, deletion of
BFA1 can suppress the mitotic exit defect and tempera-mechanisms regulate Tem1 activation at this tempera-
ture. Our results suggest that Bfa1 is a target of regula- ture sensitivity of cdc5-2 mutants. Second, overproduc-
Regulation of Bfa1 by Cdc5 and Checkpoints
663
tion of Cdc5 promotes inappropriate mitotic exit in implicated in actin ring formation and cytokinesis (Song
and Lee, 2001; Lee et al., 2001a). Any of these mightcheckpoint-arrested cells in the same manner as bfa1
and bub2 mutants. Third, mutation of the Cdc5-depen- explain the additional roles of Cdc5 in mitotic exit. Re-
gardless, it is clear that Cdc5’s regulation of Bfa1 repre-dent phosphorylation sites in Bfa1 (BFA1-11A) is syn-
thetically lethal in cdc5-1 mutants. BFA1-11A does not sents a significant portion of Cdc5’s role in promoting
mitotic exit.cause cell cycle arrest in wild-type cells. This may be
explained if the phosphorylation site mutations do not
result in a fully active Bfa1/Bub2 complex or if additional Bfa1 Is a Target of Multiple Checkpoint Pathways
Cdc5-dependent regulation impinges upon the com- Bub2 was originally identified as a component of the
plex, possibly through Bub2. Alternatively, active Bfa1 spindle assembly checkpoint (Hoyt et al., 1991) and,
may be overcome by Lte1 and other regulators once together with Bfa1, was shown to control a branch of the
cells undergo anaphase. Finally, Tem1 fails to associate spindle checkpoint primarily concerned with preventing
with hyperphosphorylated Bfa1. mitotic exit (Alexandru et al., 1999; Fesquet et al., 1999;
Since the mitotic exit and cytokinesis pathways are Li, 1999). Bfa1 and Bub2 are also required to inhibit
well conserved during evolution, the regulation of Bfa1 mitotic exit via the spindle orientation checkpoint and
by Cdc5 is likely to be conserved. Recent studies in G2/M DNA damage checkpoint (Bardin et al., 2000;
fission yeast suggest that the homolog of Cdc5, Plo1, Bloecher et al., 2000; Pereira et al., 2000; Wang et al.,
functions upstream in the analogous pathway (Fournier 2000). While required for these checkpoints, it had not
et al., 2001; Tanaka et al., 2001). Given the general con- been established whether Bfa1/Bub2 was regulated by
servation of cell cycle functions, it is likely that the mam- these pathways or merely acted as a constitutive ele-
malian Polo enzyme may also regulate mitotic exit and ment required for the function of the actual regulated
cytokinesis through control of the GAP for the mamma- components.
lian Tem1 homolog. Our results indicate that Bfa1 is directly regulated by
During the course of these studies, a paper by Lee et these checkpoint pathways. Importantly, Bfa1 is regu-
al. (2001b) also discovered that Bfa1 displayed cell cy- lated differently in response to distinct checkpoint sig-
cle-regulated phosphorylation. However, that study nals. In response to spindle damage and kinetochore
came to several conclusions in opposition to ours. They malfunction, the Cdc5-dependent phosphorylation of
concluded that nocodazole prolonged Bfa1 phosphory- Bfa1 is inhibited in a MAD2- and MPS1-dependent man-
lation, while we found that nocodazole blocked Bfa1 ner. In support of this view, Cdc5 is known to undergo
phosphorylation. The difference could be in the amount a mobility shift in cells arrested via cdc13-1 or cdc23-1
or activity of nocodazole used. We feel our interpretation mutations, which accumulate the hyperphosphorylated
is more likely to be correct because we independently form of Bfa1 at the restrictive temperature. This mobility
activated the spindle checkpoint by using ask1 mutants, shift of Cdc5 is not observed in cells arrested with noco-
and we observed the same inhibition of Bfa1 phosphory- dazole (Cheng et al., 1998). This modification of Cdc5
lation as with nocodazole. They concluded that the may have functional consequences with respect to Bfa1
phosphorylated form of Bfa1 is the active form while we modification.
conclude it is more likely to be inactive. We favor our Bub2 and Bfa1 are also required to prevent mitotic
conclusion based on the suppression of cdc5-2 mutants exit in response to spindle misorientation, which we show
by loss of BFA1, the synthetic lethality of BFA-11A with prevents Bfa1 hyperphosphorylation, but this regulation
cdc5-1, and the inability of Tem1 to associate with hy- is Mad2 independent (data not shown). Currently, the
perphosphorylated Bfa1. nature of the checkpoint pathway activated in the pres-
ence of misorientated spindles is unclear. At the arrest
stage of spindle misorientation mutants, spindles areMultiple Targets for Cdc5 in Mitosis
It is clear that phosphorylation of the Bfa1/Bub2 com- elongated and Pds1 is degraded, suggesting that Pds1
destruction and anaphase itself are not the events trig-plex is not the sole function of Cdc5 in regulating mitotic
exit because deletion of BFA1 shows incomplete sup- gering Bfa1 phosphorylation. This pathway is likely
to be evolutionarily conserved because mammalianpression of cdc5-2 mutants. Part of the role of Cdc5 in
promoting anaphase might be explained by the recent cells with misoriented spindles delay exit from mitosis
(O’Connell and Wang, 2000).observation that Cdc5 phosphorylates Scc1 and pro-
motes its cleavage by Esp1 (Alexandru et al., 2001). By In cells arrested at G2/M by DNA damage, Bfa1 hyper-
phosphorylation still occurs, but activation of Rad53 andpreventing a full anaphase spindle extension in cdc5-2
mutants, the SPB-localized Tem1 could be prevented Dun1 confers an additional modification upon Bfa1. This
formally eliminates inhibition of Cdc5 as the mechanismfrom gaining access to Lte1. However, our studies sug-
gest functions for Cdc5 in addition to its role in control of prevention of mitotic exit by the DNA damage check-
point as had been previously proposed (Sanchez et al.,of Bfa1 and Scc1 because cdc5-1 mutants, which phos-
phorylate Bfa1 and cleave Scc1 (as inferred from their 1999). The significance of this new Bfa1 modification is
unknown, but the fact that the Rad53-Dun1 branch offull spindle elongation), still have mitotic exit defects
that are not suppressed by a deletion of BFA1. Cdc5 the DNA damage checkpoint primarily controls mitotic
exit is consistent with the notion that this is part ofcould positively regulate other MEN components such
as Mob1, Dbf2, Lte1, or Tem1. Alternatively, Cdc5 has Rad53’s efforts to prevent mitotic exit. Since Bfa1 is
required to prevent mitotic exit in response to DNA dam-been proposed to have a role in activation of the APC
which is required for mitotic exit (Charles et al., 1998; age, it is logical that this additional modification might
counteract the inhibitory function of Cdc5 toward Bfa1.Shirayama et al., 1998). In addition, Cdc5 has also been
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To epitope tag BFA1, the 5 primer FH7 was used with the 3
primer FH56 that changes the stop codon to an Xma1 to amplify
the BFA1 ORF. The PCR product was digested with HindIII and
XmaI and cloned into pFA6a-HA3TRP1 (Longtine et al., 1998) to
create pFH94. The AvaI-BglII fragment of pFH94 and the XhoI-AvaI
fragment of pFH102 were ligated into XhoI-BamHI-cleaved pRS414
to ceate pFH115 containing HA-tagged BFA1 under its own pro-
moter.
CDC5 was cloned into pUNI10 with PCR. To generate the kinase
inactive Cdc5 mutant, Asn208 was mutated to Ala by using Quick-
Change Site-Directed Mutagenesis Kit (Stratagene). To create bacu-
Figure 6. A Model for Regulation of the Bub2/Bfa1 GAP Complex lovirus constructs, pUNI10-CDC5 and pUNI10-CDC5-kd were fused
During Mitotic Exit and in Response to Checkpoint Signals to the pHI100-GST host vector by using a UPS reaction (Liu et al.,
See text for details. 1998).
Yeast Strains and Cytological Techniques
Clearly, the DNA damage checkpoint has evolved a Strains used in this study are listed in Table 1. BFA1-tagged and
mechanism to regulate mitotic exit in a manner that is TEM1-tagged strains were made by using a PCR-based method
(Longtine et al., 1998). The cdc5-dg mutant was made as describeddistinct from the mechanism employed by the spindle
(Dohmen et al., 1994; Labib et al., 2000).checkpoint.
Protein TechniquesA Model for Control of Mitotic Exit
For Western blots, protein extracts were made by using the TCA
Our results are consistent with a model (Figure 6) precipitation method (Paciotti et al., 1998). Phosphatase treatment
whereby, after the SPB duplicates and cells enter S was performed as described (Sanchez et al., 1999). To express GST-
phase, the Bfa1/Bub2 complex and Tem1 load onto the Cdc5 or GST-Cdc5-kd, Hi5 insect cells were infected with baculovi-
rus and grown at 27C for 44 hr. Cells were treated with 0.1 mMSPB and Tem1 is converted to the inactive GDP bound
okadaic acid for 3 hr prior to extract preparation and affinity chroma-form. While kinetochores mature and are in the process
tography.of binding to the mitotic spindle, cytoplasmic microtu-
bules establish connections in the daughter bud to pro-
Kinase Assays
vide orientation to the nucleus. During this period, the For radioactive kinase assays, 100 ng of eluted GST-Cdc5p or GST-
spindle assembly and spindle orientation checkpoints Cdc5-kd was mixed with 100 ng eluted GST-Bfa1p in kinase buffer
(50 mM Tris-Cl [pH 8.0], 50 mM NaCl, and 10 mM MgCl2) with 0.01(and possibly others) are active and prevent Cdc5 from
mM cold ATP and 15 Ci [-32P]ATP. For mass spectrometry analy-phosphorylating and inactivating Bfa1. Once the nu-
sis, 1.2 g of eluted GST-Cdc5p or GST-Cdc5-kd was mixed withcleus properly orients and the sister chromatids are
3.2 g eluted GST-Bfa1p in kinase buffer with 0.1 mM cold ATP andproperly attached to the spindle, the checkpoints are
incubated at 25C for 15 min.
no longer active and Cdc5 phosphorylates Bfa1. This
phosphorylation interferes with Bfa1’s ability to asso- Acknowledgments
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